In a series of experiments, identification responses for place of articulation were obtained for synthetic stop consonants in consonant-vowel syllables with different vowels. The acoustic attributes of the consonants were systematically manipulated, the selection of stimulus characteristics being guided in part by theoretical considerations concerning the expected properties of the sound generated in the vocal tract as place of articulation is varied. Several stimulus series were generated with and without noise bursts at the onset, and with and without formant transitions following consonantal release. Stimuli with transitions only, and with bursts plus transitions, were consistently classified according to place of articulation, whereas stimuli with bursts only and no transitions were not consistently identified. The acoustic attributes of the stimuli were examined to determine whether invariant pr9perties characterized each place of atriculation independent of vowel context. It was determined that the gross shape of the spectrum sampled at the consonantal release showed a distinctive shape for each place of articulation: a prominent midfrequency spectral peak for velars, a diffuse-rising spectrum for alveolars, and a diffuse-falling spectrum for labials. These attributes are evident for stimuli containing transitions only, but are enhanced by the presence of noise bursts at the onset.
INTRODUCTION
A great deal of research has been devoted to the study of the acoustic properties that signal to a listener the place of articulation for stop consonants. This research has followed two paths. One of these directions exam- For the most part, this work failed to find a set of acoustic properties that are invariant for a particular place of articulation, independent of the following vowel. The burst spectrum appears to differ somewhat from one vowel environment to another for a given place of articulation.
The starting points of the transitions of the second and higher formants for a given consonant place of articulation show considerable variation from one vowel context to another (although there tends to be a fixed second-formant locus, if the locus is defined by extrapolating the formant contour back beyond the onset of voicing6). The direction of the second-formant transition likewise is not invariant, as evidenced, for example, by the fact that this formant falls following integrated manner rather than by processing each of a number of simpler properties and combining these at a later stage. Furthermore, several researchers •'7'•2 have hypothesized that the integrated property or properties associated with a particular phonetic feature provide acoustic invariance in the sense that they are independent of the context in which the feature occurs.
,The purpose of this paper is to explore this concept of integrated acoustic properties through a series of experiments in which several acoustic characteristics of synthetic stop consonants in different phonetic environments are systematically manipulated, and identification responses are obtained. The range of acoustic characteristics that yield a particular consonantal response in various phonetic environments is examined, and an attempt is made to specify integrated acoustic properties that define each place of articulation independent of vowel context. On the basis of these studies, we shall suggest that the auditory system samples the short-term spectrum at stimulus onset for a stop consonant, and that identification of place of articulation for the consonants is based on attributes of the gross shape of this spectrum. This onset spectrum is determined both by the burst spectrum and by the formant frequencies at the onset of voicing.
I. THEORETICAL INTERPRETATION OF THE ACOUSTIC CHARACTERISTICS OF STOP

CONSONANTS
The shape of the onset spectrum for different burst frequencies and formant starting frequenceis can be predicted from theoretical considerations. 12 Thus before discussing the individual experiments, we shall review this theoretical background.
When the articulatory structures achieve a particular configuration, the acoustic cavities formed by these structures have certain natural frequencies.
For example, when the cross-sectional area of the vocal tract is uniform along its length (corresponding roughly to a schwa or neutral vowel), the formant frequencies are regularly spaced at frequencies that are approximately c/4l, 3c/41, 5c/4l, etc., where c=speed of sound, and l = vocal tract length. The spectrum envelope for a vowel with these formant frequencies shows the amplitudes of the spectral peaks decreasing with increasing frequency, according to well-established theoretical principles. l• When a constriction is made in the tube corresponding to a consonant closure in the oral cavity, acoustic theory shows that there is always a lowering of the first-formant frequency. Depending on the position and shape of the constriction, the second and higher formants also undergo displacements upwards and downwards relative to their frequencies for a uniform vocal tract.
The spectrum envelope due to a lowered frequency of F1 with no shifts in the other formants is illustrated in the upper panel of Fig. 1 . There is a decrease in the amplitude of the higher formants relative to the amplitude of the spectral peak associated with Fl.
Shifting of the frequencies of F2, F3, and higher formants downwards (keeping F1 at the same frequency) causes a decrease in the amplitudes of the higher formants in relation to the lower formants, as shown in the upper panel of Fig. 1 . Such a downward shift in the formant frequencies occurs when a constriction is made at the lips, and hence this is the short-'time spectrum that is to be expected at the onset of voicing for a labial consonant immediately after release of the constriction. On the other hand, an upward shift of the frequencies of F2, F3, and F4 relative to the values for the neutral vowel results in an increase of the amplitudes of the higher formants (e. go, F4 and F5) in relation to the lower formants (e.g., F2), as is also shown inthe figure. This configuration of formants is expected on theoretical grounds for an alveolar consonant. Thus the spectra at the onset of voicing for a labial and an alveolar consonant differ not only with respect to the frequencies of the spectral peaks or formants at voicing onset, but also with respect to the overall shape of the spectrum as determined by the relative amplitudes of the spectral peaks.
At the release of a syllable-initial alveolar voiced consonant in English, a burst of turbulence noise is generated at the constriction, usually just prior to the onset of voicing. This noise source excites the higher and the overall shapes of the spectra for these two consonants are quite different, as the theory would predict:
The theoretical discussion noted above should also apply to the spectrum sampled at the offset or at the instant of vocal-tract closure in a vowel-consonant syllable. There is no burst at this instant of time (although there could be a release burst some tens of ms later), but the formant frequencies do approach target values appropriate to the consonantal place of articulation, and consequently the spectrum shape should be similar to one of the theoretically derived spectra illustrated in Fig. 1 . Thus a perceptual mechanism that samples spectra at both onsets and offsets, and interprets these spectra in terms of attributes of their gross shape could, in principle, classify both syllable-initial and syllablefinal consonants.
It is important to note that the concept of an onset spectrum, as described here, implies some kind of continuity of spectrum change as the onset burst merges into the formant transitions, which in turn merge into the vowel. Table II shows the total percent of subjects who were included in the final data analysis. On the whole, most subjects were able to identify the full-and partial-cue stimuli, with the full-cue stimuli being identified by more subjects. In contrast, only 18% of the subjects were able to identify the burst-cue stimuli with any consistency. Comparison across vowel contexts for the full-and partial-cue stimuli shows that 88% of the subjects were able to identify the consonants in the series, 83% in the [i] series, and 80% in the [u] series.
Thus the synthetic continua generated seemed to be fairly comparable across the three vowel contexts. The measures depicted in Fig. 7 represent a first approximation to the characterization of the shape of the onset spectrum.
It has been suggested in the introductory discussion that this spectrum has a distinctive gross shape for stimuli corresponding to different places of articulation.
It is of some interest, therefore, to interpret the data of Figs. 5 and 6 directly in terms of the gross shapes of the onset spectra, rather than in terms of selected attributes that contribute to these shapes. In particular, it is instructive to examine these spectra for stimuli that lie both in the middle of each phonetic category, where the relevant acoustic property is presumably more salient, and at the boundary between two categories, where the acoustic properties are weakly representative of both phonetic catego-• ries.
We have computed the onset spectra for all of the stimuli used in the various stimulus continua, using the same procedures as those described in connection with The characterization of spectra as being compact or diffuse, or as grave or acute, is based here on qualitative observations of the gross spectral shape. More precise definition of these properties is needed, and .must await the collection and interpretation of data on onset spectra from a number of utterances from real
speech. 1 ?' 26
If we were to examine spectra at the onsets of the burst-only stimuli, we would find gross spectral shapes similar to those depicted in Fig. 8,' since the bursts are the same as those in the full-cue stimuli.
Why, then, do most listeners fail to classify these burst-only stimuli consistently? As noted above, we suggest that the burst-only stimuli are characterized by two onsets--one at the onset of the burst and the other at the onset of voicing. The short-time spectrum does not undergo a smooth and continuous change as the stimulus proceeds from the initial onset into the vowel (as it does in natural speech or in the synthetic full-cue stimuli), but rather, there are, in effect, two onsets in sequence.
The cues provided by these two onsets are conflict{ng, and can lead to inconsistent,responses, depending upon which onset is weighted more heavily.
This finding underlines the requirement that the spectrum at onset must not only have a gross shape appropriate for a particular place of articulation, but must also undergo a smooth and continuous change in shape during the transition into the vowel.
IV. CONCLUSION
We postulate in this paper that the place of articulation for a syllable-initial stop consonant can be identified, independent of vowel context, on the basis of the gross shape of the spectrum sampled at the consonantal release. The characteristics of this onset spectrum are determined both by the burst of acoustic energy at the release and by the initial portions of the formant transitions at voicing onset. This point of view was suggested many years ago by Fant 12 and by Halle, Hughes, and Radley, ll and emphasized the importance of the spectrum sampled at the consonantal release rather than the trajectories of the formants during their transitions into the vowel. Results of this study support this interpretation and further suggest that invariant cues for place of articulation for stop consonants can be characterized independent of the following vowel by an event, i.e., the spectrum at stimulus onset occurring at a point in time, rather than by a sequence of events over time. In this view, then, the formant transitions are not the primary cues signaling place of articulation. Instead, their primary funchon, as has been postulated by Cole and Scott, • seems to be to join the onset spectrum to the vowel smoothly without introducing any additional discontinuities.
Such discontinuites would, of course, signal new onsets, as noted above.
The implication of this hypothesis is that the auditory system is endowed with a mechanism that detects the presence of an abrupt onset of energy and assigns certain simple properties to the spectrum sampled at this onset. Experimental evidence from auditory psychophysics and from auditory physiology suggests that a signal undergoes some kind of special processing at an abrupt onset, 27,28 but there is little detailed information concerning the nature of this processing (see Zhukov et al. 16 for discussion of these questions).
While data presented in this paper are consistent with this theoretical view concerning the detection of spectral properties at onsets and offsets, they do not constitute a strong test of the theory. There are several possible experiments which could provide such a test. For example, brief stimuli in which only the onsets of consonantvowel syllables are preserved could be presented to listeners to determine whether the information contained in these onsets is sufficient to identify place of articulation. Some experiments along these lines have already been carried out, with results that support the hypothesis. 4,29 A stronger test of the theory would be to determine whether perception of place of articulation depends on attributes of the gross shape of the spectrum at onset, independent of fine details such as burst characteristics and formant onset frequencies. Thus, for example, the relative amplitudes of the formants at the onset of a particular CV syllable could be manipulated to yield a different gross spectrum shape without changing the onset frequencies.
The question would be whether perception goes with the formant onset frequencies or with the gross spectrum shape at onset. Details such as how an abrupt onset is defined, the time window for sampling the spectrum, and the spectral resolution could be worked out on the basis of such experiments.
If indeed the auditory system is endowed with these types of detectors, then there is an explanation for the ability of young infants to discriminate stimuli with different places of articulation, particularly when these stimuli are oroduced with the full cues consisting of bursts and transitions. 3o These stimuli represent clear tokens of the compact-diffuse and grave-acute properties. Similarly, infants have shown the ability to discriminate place of articulation when signaled by three-formant patterns without a preceding burst. 31-33 As discussed above, these stimuli still contain the onset characteristics representing the compact-diffuse and grave-acute phonetic distinctions. However, there is evidence that discrimination of place of articulation by infants is improved when full-cue stimuli are used. 3o
On the other hand, it is known that adult listeners can identify place of articulation for stimuli containing only the first two formants. 1'6 Clearly, these stimuli do not possess the general properties noted above. The context-independent properties for place of articulation, however, do occur in conjunction with acoustic attributes which are in themselves context-dependent--in particular, such attributes as the directions of the formant transitions and the formant frequencies of the following vowel. Although these secondary attributes are not invariant, they could be invoked in the identification of stimuli when the primary invariant attribute is absent or distorted, as has been suggested by Cole and Scott.
• Thus, two-or three-formant patterns could be identified by a process that requires reference to attributes of the following vowel. According to this view, then, the context-dependent cues are secondary, learned presumably by the child as attributes which co-occur with the primary invariant context-independent cues for place of articulation.
Although the concept of invariant spectral properties associated with place of articulation has been discussed here in the context of voiced stop consonants in consonant-vowel syllables in English, its extension to other classes of consonants and to other phonetic environments can be readily envisioned. Reference has already been made to the fact that spectra sampled at the vowel offset of a vowel-consonant syllable should exhibit the same properties as the onset spectrum for a given place of consonant articulation, since the formant transitions for initial and final consonants begin and end at about the same frequencies. Onset spectra for voiceless stops and spectra sampled immediately following the release of nasal consonants would probably show characteristics similar to those for voiced stops in initial position, since the burst for a voiceless stop has properties similar to that for the voiced cognate, and since the starting points of the formant transitions for a nasal consonant are similar to those for a voiced stop with the same place of articulation. Thus a particular place of articulation can be characterized in terms of invariant acoustic properties for different manners of articulation and across different syllabic contexts. Further experimental data need to be collected, however, in order to test these hypotheses, and to further elaborate the theory.
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